Confronting fluctuations of conserved charges in central nuclear
  collisions at the LHC with predictions from Lattice QCD by Braun-Munzinger, Peter et al.
ar
X
iv
:1
41
2.
86
14
v3
  [
he
p-
ph
]  
1 J
un
 20
15
Confronting fluctuations of conserved charges in central nuclear collisions at the LHC
with predictions from Lattice QCD
P. Braun-Munzinger,1, 2, 3 A. Kalweit,4 K. Redlich,5, 1 and J. Stachel6
1Extreme Matter Institute EMMI, GSI, Planckstr. 1, D-64291 Darmstadt, Germany
2Technische Universita¨t Darmstadt, Darmstadt, Germany
3Frankfurt Institute for Advanced Studies, J.W. Goethe Universita¨t, Frankfurt, Germany
4European Organization for Nuclear Research (CERN), Geneva, Switzerland
5Institute of Theoretical Physics, University of Wroclaw, PL-50204 Wroc law, Poland
6Physikalisches Institut, Universita¨t Heidelberg, Heidelberg, Germany
(Dated: October 1, 2018)
We construct net baryon number and strangeness susceptibilities as well as correlations between
electric charge, strangeness and baryon number from experimental data at midrapidity of the ALICE
Collaboration at CERN. The data were taken in central Pb-Pb collisions at
√
sNN=2.76 TeV and
cover one unit of rapidity. The resulting fluctuations and correlations are consistent with Lattice
QCD results at the chiral crossover pseudocritical temperature Tc ≃ 155 MeV. This agreement lends
strong support to the assumption that the fireball created in these collisions is of thermal origin and
exhibits characteristic properties expected in QCD at the transition from the quark gluon plasma
to the hadronic phase. The volume of the fireball for one unit of rapidity at Tc is found to exceed
3000 fm3. A detailed discussion on uncertainties in the temperature and volume of the fireball
is presented. The results are linked to pion interferometry measurements and predictions from
percolation theory.
I. INTRODUCTION
Uncovering evidence for (partial) restoration of chiral
symmetry in the medium created in nucleus-nucleus col-
lisions at very high energy is one of the most important
but also challenging problems [1–3]. Recently, experi-
mental studies along this line have been carried out by
measuring fluctuations of conserved charges [4–6] as part
of the RHIC Beam Energy Scan (BES) program.
Fluctuations of conserved charges are particularly in-
teresting probes of critical phenomena and the phase di-
agram in QCD [7–11], as well as freezeout conditions in
heavy ion collisions [12–15]. The intent of the present
work is to provide a link between fluctuations derived
from measurements of particle yields in Pb–Pb collisions
at the LHC and predictions from Lattice QCD.
Early on, the QCD phase transition was conjectured
to be of second order, belonging to the O(4) universal-
ity class [16], for massless light quarks. Current Lattice
QCD (LQCD) simulations at physical quark masses show
that, at vanishing or small baryon density, the transition
from a hadron gas to a quark gluon plasma is most likely a
crossover [17]. The results further indicate that the chiral
crossover appears in the critical region of the second order
transition belonging to the O(2)/O(4) universality class
[18–20]. Consequently, observables such as fluctuations
of net baryon number and electric charge, which are sen-
sitive to criticality related with a spontaneous breaking
of chiral symmetry, should exhibit characteristic prop-
erties governed by the universal part of the free energy
[9, 12, 21].
The magnetic equation of state and cumulants of net
charges at physical quark masses have been studied in
LQCD calculations [20, 22–25], as well as in effective
chiral models [21, 26–36]. Their properties have been
shown to be consistent with general expectations for
O(4) scaling. These results have opened a new ap-
proach to get experimental information on the QCD
phase boundary, by measuring higher moments of dis-
tributions of event-by-event fluctuations of conserved
charges [12, 13, 19, 21, 24, 37], and their probability dis-
tributions [38–40].
The direct measurement of higher moments of event-
by-event fluctuations is complicated by several issues.
First, quantities like fluctuations of the net baryon num-
ber can only be reliably obtained if effective methods are
applied to correct the data for the efficiency of the de-
tector. Furthermore, for conserved quantities like baryon
number, appropriate corrections need to be applied, due
to the finite detector acceptance. The situation has been
analyzed by [41, 42] and attempts at corrections have
been applied for acceptance [5, 6] and for fluctuations in-
duced by the difficult to measure neutral baryons [43, 44].
Second, such measurements are sensitive to critical effects
near the QCD phase boundary only for higher moments
of the distributions [21], necessitating huge statistics as
well as a very precise understanding of possible back-
grounds in the measurements. Here we present a different
approach, where the second order cumulants and correla-
tions of conserved charges are directly obtained from the
measured inclusive distributions, albeit under a special
assumption on the shape of the probability distributions.
In the special case that the probability distribution
of the number of particles Nq and antiparticles N−q is
uncorrelated and Poisson, the probability distribution of
the variable N = Nq −N−q is a Skellam function, which
is entirely determined by the mean number of particles
〈Nq〉 and antiparticles 〈N−q〉 [37]. As is explained in the
following section one can then determine the 2nd order
susceptibilities directly from inclusive measurements.
2The assumption of a Skellam distribution for the dis-
tribution of net baryon number seems to be well ful-
filled at RHIC energies up to the second order cumulants
[5, 6, 37], see also the discussion below. Nevertheless,
assuming independent production of baryons and anti-
baryons is a strong assumption. However, one should
note that generalized susceptibilities cnB do not contain,
at least for µB = 0, any singular terms corresponding to
chiral critical behavior if n < 6 [9, 21]. Further, there
is strong evidence that the fireball is very close to ther-
mal equilibrium as demonstrated by analysis within the
framework of the Hadron Resonance Gas (HRG) parti-
tion function [45–51], which also quantifies the LQCD
equation of state in the confined phase [24, 52, 54].
The current approach leads then to a direct connec-
tion between experimental data integrated over all trans-
verse momenta and second order susceptibilities and,
consequently, to direct contact between predictions from
LQCD and experimental data without the need to con-
sider, on the experimental side, effects of acceptance and,
on the theoretical side, how to extract baryons from
LQCD calculations.
II. FLUCTUATIONS AND CORRELATIONS OF
NET CHARGES
We consider a thermal medium of strongly interact-
ing particles of volume V at temperature T , where the
baryon number B, strangeness S and electric charge Q
are conserved on the average. The thermodynamics of
such a system is characterized by the pressure, P (T, V, ~µ)
in the grand canonical ensemble, where ~µ = (µB , µS , µQ)
are chemical potentials which guarantee the conservation
of all ’charges’ q = (B,Q, S).
In this thermal medium, fluctuations of the net charge
N
χˆN ≡ χN
T 2
=
∂2Pˆ
∂µˆ2N
, (1)
and correlations χN,M of charges N and M
χˆNM ≡ χNM
T 2
=
∂2Pˆ
∂µˆN∂µˆM
(2)
are obtained as derivatives of the reduced thermody-
namic pressure Pˆ = P/T 4, with respect to the corre-
sponding reduced chemical potential µˆN = µN/T , where
N,M = (B,S,Q).
The susceptibility of a conserved charge can be also
related to its variance,
χˆN =
1
V T 3
(〈N2〉 − 〈N〉2). (3)
If P (N) is the probability distribution of a conserved
charge N , then the n-th moment 〈Nn〉, is calculated as
〈Nn〉 =
∑
N
NnP (N). (4)
FIG. 1: Comparison of different susceptibility ratios obtained
by using data measured by the ALICE collaboration in Eq.
(15) with LQCD results at T = 155 MeV from Refs. [24, 25].
For the special case of a Skellam distribution, and from
Eqs. (3) and (4), the susceptibility is determined by the
total mean number of particles and antiparticles [37],
χN
T 2
=
1
V T 3
(〈Nq〉+ 〈N−q〉). (5)
The above result is valid if there are only particles of the
same charge, as for baryons, where the charge is B = 1.
For strangeness and an electric charge, there are hadrons
with charge two and three. In this case, the Skellam
probability distribution can be generalized, and P (N) is
expressed by the mean numbers of all particles and an-
tiparticles of different charges Q,S [38]. The net charge
susceptibility is then obtained from
χˆN =
χN
T 2
=
1
V T 3
|q|∑
n=1
n2(〈Nn〉+ 〈N−n〉), (6)
where |q| = (1, 2) and |q| = (1, 2, 3) for electric charge
and strangeness, respectively.
For the correlation of different charges, the correspond-
ing expression reads
χˆNM =
χNM
T 2
=
1
V T 3
qN∑
n=−qN
qM∑
m=−qM
nm〈Nn,m〉, (7)
where 〈Nn,m〉, is the mean number of particles and reso-
nances carrying charges N = n and M = m.
A. Modeling susceptibilities and correlations in
Heavy Ion Collisions at the LHC
The probability distribution of fluctuations of con-
served charges can, in general, be measured in heavy ion
3collisions using event-by-event analysis. The results for
fluctuations of the net baryon, or rather net proton num-
ber, obtained by the STAR Collaboration at RHIC [5, 6],
demonstrate clearly that, in central Au-Au collisions at√
sNN = 200 GeV, the fluctuations up to third order can
be well described by the Skellam distribution. Thus, for
small N , the distribution P (N) of protons and antipro-
tons must be independent and very close to Poisson. No
dramatic changes in soft particle production have been
observed so far when going from RHIC to LHC energy.
Consequently, the assumption of independent particle
production also at LHC energy seems well founded and,
moreover, can be directly tested experimentally.
We take advantage of the above experimental observa-
tions, and construct the fluctuations and correlations in
central Pb–Pb collisions at the LHC by using results of
Eqs. (5), (6) and (7). This way we obtain the suscepti-
bilities χB, χS and χQS from particle yields, measured
by the ALICE Collaboration at central rapidity.
The net baryon number fluctuations are obtained as
χB
T 2
=
1
V T 3
[〈p〉+ 〈N〉+ 〈Λ + Σ0〉+ 〈Σ+〉+ 〈Σ−〉 (8)
+ 〈Ξ−〉+ 〈Ξ0〉+ 〈Ω−〉+ antiparticles],
where 〈 〉 denotes the corresponding mean particle yield
per unit rapidity.
The net strangeness susceptibility is calculated follow-
ing Eq. (6), and approximated as
χS
T 2
≃ 1
V T 3
[(〈K+〉+ 〈K0〉+ 〈Λ + Σ0〉+ 〈Σ+〉 (9)
+ 〈Σ−〉+ 4〈Ξ−〉+ 4〈Ξ0〉+ 9〈Ω−〉+ antiparticles)
− (Γφ→K+ + Γφ→K− + Γφ→K0 + Γφ→K¯0)〈φ〉].
At LHC energy we assume that K0 = K¯0 = K+ and
take the experimentally measured value. In the kaon
yields 〈K〉 , there are contributions from non strange res-
onances decaying into kaons. From Eq. (1), it is clear,
that such particles should not contribute to strangeness
fluctuations. To correct for the above, we have sub-
tracted kaons coming from φ decay. The contributions
of further non-strange resonances cannot be accounted
for since their yields are not known. However, due to
their larger masses, such contributions are subleading.
The mixed susceptibilities, from Eq (2), are select-
ing contributions of particles carrying the corresponding
quantum numbers. We consider, the strangeness-charge
correlations χQS . Following Eq. (7), the χQS receive
contributions only from strange particles with non van-
ishing electric charge. We construct strangeness-charge
correlations from particle yields as
χQS
T 2
≃ 1
V T 3
[(〈K+〉+ 2〈Ξ−〉+ 3〈Ω−〉 (10)
+ antiparticles)− (Γφ→K+ + Γφ→K−)〈φ〉
− (ΓK∗
0
→K+ + ΓK∗
0
→K−)〈K∗0 〉],
FIG. 2: The LQCD results on temperature dependent baryon
number and strangeness susceptibility ratio from Ref. [24].
The LQCD value at T = 155 MeV is from Ref. [25]. Also
shown is a band for the expected value of this ratio con-
structed from ALICE data in Eq. (15).
where we have again subtracted the contribution from
decays of φ and K∗0 , which are contributing to charged
kaon yields, but according to Eq. (2), should not be in-
cluded. As in the case of χS , there are also decays of
further non-strange, as well as, neutral strange hadrons
which are contributing to 〈K±〉, but should not be in-
cluded. However, due to lack of data their contribution
can not be subtracted; nevertheless it is expected to be
small.
In heavy ion collisions at the LHC, due to trans-
parency, particles and antiparticles are produced sym-
metrically at midrapidity. Consequently, the yields of
particles and their antiparticle are identical. In addi-
tion, at mid-rapidity, the system is isospin symmetric and
charge neutral, thus leading to equal number of protons
and neutrons, and, more generally, to equal yields for dif-
ferent charge states of the same particle. Consequently,
from Eqs. (8), (9) and (10), one gets
χB
T 2
=
1
V T 3
[4〈p〉+ 2〈(Λ + Σ0)〉+ 4〈Σ+〉 (11)
+ 4〈Ξ〉+ 2〈Ω〉]
χS
T 2
≃ 1
V T 3
[2〈K+〉+ 2〈K0〉+ 2〈(Λ + Σ0)〉+ 4〈Σ+〉
+ 16〈Ξ〉+ 18〈Ω〉 − 2(Γφ→K+ + Γφ→K0)〈φ〉]
χQS
T 2
≃ 1
V T 3
[2〈K+〉+ 4〈Ξ−〉+ 6〈Ω−〉 − 2Γφ→K+〈φ〉
− 2ΓK∗
0
→K+〈K∗〉].
Furthermore, from data on inclusive Λ and Σ0 pro-
duction in pBe collisions at
√
s = 25 GeV, we obtain
the ratio, Σ0/Λ = 0.278 ± 0.011 ± 0.05, with a statis-
tical and a systematic error, respectively [55]. We take
4FIG. 3: Ratio χB/χQS from LQCD data from Refs. [24, 25],
and obtained from ALICE data in Eq. (15).
Σ0/Λ = 0.278± 0.052, thus 〈Σ〉 = (0.2175± 0.032)〈Λ +
Σ0〉. The branching ratios, Γφ→K0 = 0.342 ± 0.004,
Γφ→K = 0.489 ± 0.005, and ΓK∗
0
→K+ = 0.666 are from
[56].
The charge susceptibilities and correlations between
conserved charges can be calculated from the recent AL-
ICE Collaboration data for particle yields per unit rapid-
ity measured in heavy ion collisions at
√
s = 2.76 TeV
at mid rapidity, and momentum integrated [57–60]. The
results are summarized in Table 1.
The baryon number, strangeness and strangeness-
electric charge correlations are obtained from Eq. (11)
and from Table 1, as
χB
T 2
=
1
V T 3
(203.7± 11.44) (12)
χS
T 2
≃ 1
V T 3
(504.35± 24.14) (13)
χQS
T 2
≃ 1
V T 3
(178.5± 17.14). (14)
Particularly interesting are the susceptibility ratios,
χB
χS
≃ 0.404± 0.028, χB
χQS
≃ 1.141± 0.1266 (15)
which are independent of temperature and volume.
In Eqs. (12) to (15) the uncertainties of rapidity densi-
ties for particles and their anti-particles (apart from ab-
sorption corrections) were assumed to be fully correlated
and therefore were added linearly. All remaining errors
were treated as being independent, thus were added in
quadrature. In the calculation of the errors of different
susceptibility ratios, the partial cancelation of errors due
to particles which appear both in the nominator and de-
nominator has been explicitly taken into account.
〈pi±〉 668.90 ± 47.50
〈K+〉 99.67 ± 8.25
〈K0S〉 97.43 ± 8.00
〈K∗〉 19.01 ± 3.18
〈p〉 30.52 ± 2.50
〈φ〉 12.73 ± 1.54
〈Λ+ Σ0〉 23.37 ± 2.50
〈Ξ−〉 3.34 ± 0.24
〈Ω−〉 0.60 ± 0.10
TABLE I: ALICE data on rapidity distributions at y = 0 for
different particle yields in 0-10% most central Pb–Pb colli-
sions at
√
s = 2.76 TeV [57–60].
B. Relating LHC data to LQCD
The net baryon number and strangeness susceptibil-
ities, as well as the electric charge-strangeness correla-
tions, have been recently calculated in LQCD at µB = 0
for different temperatures [20, 22–25]. The results are ex-
trapolated to the continuum limit, thus can be directly
compared to heavy ion data.
One expects that a fireball created in heavy ion colli-
sions is of thermal origin and its properties are governed
by statistical QCD, as quantified by LQCD. If there is
a phase change from QGP to the hadronic phase, then
the particle yields and fluctuations of conserved charges
should be established at the chiral, pseudocritical tem-
perature Tc. The value of Tc is well established by LQCD
and coincides within a different discretization scheme of
fermionic action. The value, Tc = 155(1)(8) was recently
obtained in LQCD with domain wall fermions [61], which
preserves all relevant symmetries of QCD.
The most transparent way to check if the fluctuations
of conserved charges, extracted from ALICE data, are
consistent with LQCD at T ≃ Tc, is to compare the ratios
from Eq. (15) to the corresponding LQCD results.
In Fig. (1), we compare χB/χS, χB/χQS and χS/χQS
ratios with the continuum limit extrapolated LQCD val-
ues at pseudocritical temperature, Tc = 155MeV [24, 25].
Figure (1) shows that, within systematic uncertainties,
there is very good agreement between Pb–Pb collision
data from the ALICE experiment at the LHC and the
LQCD results at T ≃ 155 MeV.
However, the value of the temperature, at which ex-
perimental results and theory predictions agree, cannot
be uniquely determined by comparing ratios shown in
Fig. (1). This is illustrated in Figs. (2) and (3), where
experimental results for χB/χS and χB/χQS from Eq.
(15) are compared with LGCD predictions at different
temperatures [25].
The LQCD susceptibility ratios exhibit a rather weak
temperature dependence, and for T > 0.15 GeV, are con-
sistent, within statistical and systematic uncertainties,
with results obtained by using ALICE data. From Figs.
(2) and (3), one can exclude temperatures T ≤ 0.15 GeV
5FIG. 4: The LQCD results on temperature dependent ratio of
baryon-strangeness correlation χBS and strangeness suscepti-
bility from Ref. [24]. Also shown is a band for the lower limit
on this ratio extracted from ALICE data from Eqs. (12) and
(16). The horizontal line at high-T is an ideal gas value in a
QGP.
as a possible range where the saturation of fluctuations
in heavy ion data appears. The upper limit, on the other
hand, can be as large as 0.21 GeV.
However, based on different combinations of charge
fluctuations and correlations, it was shown, that at T >
163 MeV, the LQCD thermodynamics can not be any-
more described by hadronic degrees of freedom [54]. This
argument reduces a conceivable window for the satura-
tion of the net baryon number and strangeness fluctua-
tions to 0.15 < T < 0.163 GeV.
Further constraints on the lower temperature limit for
chemical freezeout in heavy ion collisions at the LHC
can be also obtained by considering correlations between
strangeness and baryon number, χBS . Particulary in-
teresting is the ratio χBS/χS, which was proposed as a
diagnostic observable for deconfinement [53].
The χBS correlations are obtained from Eq. (7).
Their upper limit can be expressed by yields of measured
strange baryons by ALICE Collaboration, as
−χBS
T 2
>
1
V T 3
[2〈Λ+ Σ0〉+ 4〈Σ+〉 (16)
+ 8〈Ξ〉+ 6〈Ω−〉] = 97.4± 5.8.
Eq. (16) sets only an upper limit for χBS since, e.g.,
the contributions of strange baryonic resonances decaying
into non-strange baryon and strange meson, like decay
of Σ∗ → NK¯, are not included as they are not known
experimentally.
In Fig. 4 we show the (−χBS/χS) ratio obtained in
LQCD by the HotQCD collaboration [24]. The LQCD
results are compared with the lower limit, (−χBS/χS) >
0.193 ± 0.0127, obtained from Eqs. (12) and (16), and
ALICE data summarized Table 1. A strong increase of
this ratio with temperature, makes it an ideal observable
to fix the temperature in HIC through a direct compar-
ison of data to LQCD results. From Fig. 4, it is clear
that data are pointing towards temperatures T > 0.15
GeV. This supports the conclusion already drawn from
Figs. 2 and 3.
The agreement of the fluctuation ratios extracted from
ALICE data and LQCD in the chiral crossover, seen in
Figs. (1-4), supports our assumption, that at the QCD
phase boundary, the second order cumulants and charge
correlations are well approximated by an uncorrelated
particle production.
The susceptibilities in Eqs. (12), (13) and (14) can
also be used to obtain information on the volume of the
fireball for one unit of rapidity,
VχB =
203.7± 11.44
T 3(χB/T 2)LQCD
, VχS =
504.35± 24.14
T 3(χS/T 2)LQCD
(17)
and
VχQS =
178.5± 17.14
T 3(χQS/T 2)LQCD
(18)
Clearly, if χB, χS and χQS are established in a common
fireball, then not only the temperature, but also the cor-
responding volumes, VχB , VχS and VχQS must be equal.
In Fig.(5), we show the temperature dependence of vol-
ume parameters obtained from Eqs. (17) and (18). There
is a clear decrease of volume with temperature, which is
needed to reproduce LQCD susceptibilities. For a given
temperature, the volume of the fireball is extracted as
overlap of all VχB , VχS and VχQS .
The volume parameters from Fig. (5), together with
the total number of particles in the final state 〈Nt〉, is
used to calculate the density of particles in a collision
fireball, n(T ) = 〈Nt〉/V (T ).
We calculate the total number of particles per unit of
rapidity at mid-rapidity in central Pb-Pb collisions at√
s = 2.76 TeV, as follows
〈Nt〉 =3〈π〉+ 4〈K〉+ 4〈p〉+ 2〈Λ + Σ0〉+ 4〈Σ〉 (19)
+ 4〈Ξ¯〉+ 2〈Ω¯〉,
which gives 〈Nt〉 = 2486± 146
In Fig. (5), we show the corresponding density of par-
ticles, n(T ). Clearly, due to deconfinement, there is a
limiting temperature and corresponding density, above
which the fireball constituents can not be hadronic any-
more.
In percolation theory of objects of (eigen-)volume V0,
there is a critical density, nperc = 1.22/V0 beyond which
the objects start to overlap [62]. Relating percolation to
deconfinement [62], one can estimate the critical particle
density in the hadronic phase. Considering hadrons
as objects of volume V0 = (4/3)πR
3
0, with R0 =
√
〈r2p〉
6FIG. 5: Volume calculated from Eqs. (17) and (18). Also
shown are results for particle density at corresponding tem-
perature and the critical density in percolation theory, as well
as, the chemical freezeout volume V HBTch , extracted from
the HBT data at thermal freezeout and rescaled to higher T
within 3D-hydrodynamics.
and 〈r2p〉 = 0.67 ± 0.02 being the mean squared strong
interaction radius of the proton [63]1, one gets, nperc ≃
0.53± 0.024 fm−3. The central nperc value is also marked
in Fig. (4).
Remarkably, this critical percolation density appears
at T = 152±1MeV, thus within systematic uncertainties,
is consistent with the transition temperature obtained
from LQCD. Clearly, the value of T at nperc strongly de-
pends on R0. The lower limit of R0 ≃ 0.67 fm corre-
sponds to T ≃ 163 MeV, since above this temperature,
the LQCD thermodynamics is not anymore described by
the hadronic degrees of freedom. This lower value of R0
coincides, within error, with a measured charge radius of
the pion,
√
〈r2pi〉 = 0.657± 0.012 [65]. Consequently, the
percolation of pions and protons appears at temperatures
which overlap with the QCD chiral crossover.
Some limitations on the volume of the fireball, thus
also on temperature, can be imposed from the HBT in-
terferometry measurements. The Hanbury-Brown-Twiss
(HBT) analysis of multiparticle production processes is
becoming a widely used technique in heavy ion collisions.
It provides information on the space-time evolution of an
excited strongly interacting system produced in high en-
ergy collisions.
The HBT volume, can be obtained from the product of
the longitudinal Rl, outward Ro and the sideward Rs ra-
dius, as VHBT = (2π)
3/2RlRoRs, if the Ri are rms values
of Gaussian distributions. From the first measurement
1 This hadronic radius of the proton is somewhat smaller than its
recently obtained charge radius, rEp = 0.84± 0.01 [64].
of two-pion Bose-Einstein correlations in central Pb-Pb
collisions at
√
sNN = 2.76 TeV at the LHC by ALICE
Collaboration [66], one gets VHBT = 4800± 580fm3 for
centrality (0-5%). We note, however, that VHBT is, in
general considered as the volume at thermal freeze-out.
Thus, the fireball volume at chemical freezeout V HBTch (T )
is smaller than the VHBT introduced above due to the
expansion of the system between chemical and thermal
freeze-out. To connect V HBTCH (T ) with VHBT involves
model assumptions which we discuss briefly below.
Furthermore, VHBT is not representing the source size,
but only the volume of the homogeneity region at the
last interaction. Following the procedure developed in
[67] we estimate that the true thermal freeze-out volume
per unit of rapidity exceeds the VHBT value above by a
factor of 1.28 for thermal freeze-out at T = 155 MeV, by
1.47 at T = 120 MeV and by 1.63 at T = 100 MeV. We
further note that VHBT grows with the charge particle
multiplicity [66], as expected from the fireball volume at
chemical freeze out. As a consequence we use the volume
appropriate for (0 - 10%) centrality and correct with the
above factors.
The relevant corrected volumes are then Vch = 5510±
670 fm3 for T = 155 MeV, Vch = 6340 ± 770 fm3 for
T = 120 MeV and Vch = 7050 ± 850 fm3 at T = 100
MeV. For thermal freeze-out at 155 MeV, i.e. close to
the chiral crossover temperature, there is no further ex-
trapolation needed, and the minimal corrected volume
is V HBTch = 4840 fm
3. As seen in Fig. 5, this chemical
freezeout volume is within uncertainies comparable with
that extracted from the LQCD analysis at temperature
T = 155 MeV.
For thermal freeze-out at T = 100 and T = 120 MeV,
one can calculate the volume decrease with increasing
temperature, i.e towards the chiral crossover tempera-
ture, by employing models for expansion dynamics in
heavy ion collisions. We have here adopted the 3D-
hydrodynamics approach with initial conditions appro-
priate for LHC energy and calculated in the MC Glauber
model to extract the relative change of the fireball volume
with temperature [68].
In Fig. 5 we show the T -dependent fireball volume
V HBTch (T ) obtained by rescaling the above kinetic freeze-
out volume at T = 100 MeV with the factor obtained
from the 3D-hydrodynamics for a temperature range be-
tween 140 and 170 MeV. Starting from the kinetic freeze-
out volume at T = 120 MeV leads to very similar results.
As seen in Fig. (5), the V HBTch (T ) coincides with the
volume extracted from LQCD and ALICE data, in the
chiral crossover region. This by itself is a non-trivial
observation. At the same time, such comparison does not
restrict the value of the chemical freezeout temperature
at LHC energy.
From the comparison of different fluctuation ratios ex-
tracted from ALICE data and LQCD results, one con-
cludes that, in heavy ion collisions at the LHC, the 2nd
order fluctuations are of thermal origin and saturate at
LQCD values at temperature T > 0.15 GeV. This to-
7gether with the LQCD observation, that at T > 0.163
GeV, the fluctuations of conserved charges can not be
anymore described by the hadronic degrees of freedom
implies that 0.15 < Tc < 0.163 is the most likely
temperature range for particle freezout at the LHC. In
this temperature window, which overlaps with the chiral
crossover temperature, the T -correlated fireball volume
per unit rapidity is obtained from Fig. 5 as 5000 > V ≥
3000 fm3. This range of volumes is also consistent with
that extracted from the HBT measurement and extrap-
olated to higher temperatures within 3D-hydrodynamics
[68].
A recent analysis of particle yields in heavy ion colli-
sions at the LHC, within the thermal model, has shown
that T ≃ 156 MeV and V ≃ 5300 fm3, reproduce all
yield data [50]. This temperature value agrees well with
the present analysis. The somewhat larger volume in Ref.
[50] appears, since repulsive interactions of particles were
included in the analysis. In this case, particle densities
are reduced, and to reproduce measured yields, a larger
volume is required.
III. CONCLUDING REMARKS
We have proposed a method to construct the net
baryon number and strangeness susceptibilities as well as
correlations between electric charge and strangeness from
experimental data of the ALICE Collaboration, taken in
Pb-Pb collisions at
√
sNN=2.76 TeV.
Using this approach, we have shown that fluctuations
and correlations derived from ALICE data at the LHC
are consistent with LQCD predictions in the temperature
window, 0.15 < Tc ≤ 0.163 GeV, which overlap with the
chiral crossover. In this temperature interval, the fireball
volume per unit rapidity corresponds to 5000 > V ≥
3000 fm3.
Such a direct agreement between experiment and
LQCD lends strong support to the notion that the fireball
created in central nucleus-nucleus collisions at the LHC
is of thermal origin and exhibits characteristic properties
expected in QCD at the transition from a quark-gluon
plasma to a hadronic phase.
We have discussed uncertainties in the determination
of temperature and volume of the fireball at the LHC. We
have also discussed possible constraints on the parame-
ters originating from pion interferometry measurements
and percolation theory.
The analysis presented here provides the first direct
link between LHC heavy ion data and predictions from
LQCD. This was possible since, at the LHC, the condi-
tions of charge neutrality in the fireball directly match
that in LQCD calculations. In addition, the constructed
susceptibilities and correlations contain contributions
from all charged hadrons integrated over the full mo-
mentum range. This is essential and necessary to make a
successful comparison of data to the first principle LQCD
calculations.
Finally, our method is based on the assumption that
the probability distribution of baryons at LHC energy is
close to a Skellam distribution. The probability distri-
bution for net baryon number production at LHC energy
can be directly obtained from measurements of protons
and anti-protons. Since we are interested in results at
midrapidity, issues related to isospin can be safely ne-
glected and proton and neutron mean numbers should
be equal. Furthermore, corrections due to baryon num-
ber conservation should be negligible since near midra-
pidity the baryon rapidity distribution is very close to
flat. Since the present method only relies on the sec-
ond moment of the distribution, very high statistics is
not needed and a typical 106 central collisions should be
sufficient, implying that our assumption can be tested
experimentally in the near future.
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